Extracellular matrix contains an abundant variety of signals that are received by cell surface receptors contributing to cell fate, via regulation of cellular activities such as proliferation, migration and differentiation. Cues from extracellular matrix can be used for the development of materials to direct cells into their desired fate. Neural extracellular matrix (ECM) is rich in axonal growth inducer proteins, and by mimicking these permissive elements in the cellular environment, neural differentiation as well as neurite outgrowth can be induced. In this paper, we used a synthetic peptide nanofiber system that can mimic not only the activity of laminin, an axonal growth-promoting constituent of the neural ECM, but also the activity of heparan sulfate proteoglycans in order to induce neuritogenesis. Heparan sulfate mimetic groups that were utilized in our system have an affinity to growth factors and induce the neuroregenerative effect of laminin mimetic peptide nanofibers. The self-assembled peptide nanofibers with heparan sulfate mimetic and laminin-derived epitopes significantly promoted neurite outgrowth by PC-12 cells. In addition, these scaffolds were even effective in the presence of chondroitin sulfate proteoglycans (CSPGs), which are the major inhibitory components of the central nervous system. In the presence of these nanofibers, cells could overcome CSPG inhibitory effect and extend neurites on peptide nanofiber scaffolds.
Introduction
Traumatic nerve injuries, including peripheral nerve injuries and spinal cord injuries, lead to the disability of more than 17,000 people in the USA every year [1, 2] . Although some of the peripheral injuries can partially recover spontaneously, some injuries do not recover even after painful surgeries. Poor regenerative capacity of neural tissue results in loss of motor abilities in patients, leading to serious economic loss due to patient care expenses. For a successful therapeutic approach, the natural environment of cells that contains inducers of neural differentiation and neurite outgrowth should be considered. Neural extracellular matrix (ECM) is composed of a variety of proteins and proteoglycans that are either permissive -some being instructive in fact -or restrictive for neurite outgrowth. Balance between the abundance of permissive and restrictive components is essential for the central nervous system (CNS) to function accurately in terms of neurite outgrowth and synaptic activity. This balance becomes chaotic after CNS injury by upregulation of chondroitin sulfate proteoglycans (CSPGs), the main inhibitory ECM component, in glial scar, which leads to poor regeneration [3-5]. Hence, any attempt aiming at neural regeneration after injury should consider this unbalanced environment in which neurons that still survive reside in. In order to regain functionality of these remaining neurons, a properly designed extracellular niche with neurite outgrowth promoting clues should be provided. This designed niche should also aid neurons to overcome the pathologically abundant inhibitory components and make new synaptic connections to tolerate the loss of neurons caused by injury [6] .
Laminin is the major ECM element in CNS and peripheral nervous system (PNS) basement membranes and it is essential for axonal growth as well as for myelination of axons by Schwann cells [7] . Laminin works as an effective neurite-outgrowth-promoting molecule in vitro as well [8] [9] [10] [11] [12] . Besides interacting with neurons through integrin receptors, laminin also interacts with other ECM components such as heparan sulfate proteoglycans (HSPG) [13] [14] [15] [16] [17] . Laminin-HSPG complex formation upon their noncovalent interaction was observed to enhance neurite promoting activity in vitro [18, 19] . Heparan sulfate (HS) and heparin are highly sulfated glycosaminoglycans (GAGs) that are known by their high affinity to growth factors. Growth factor-GAG interactions stabilize growth factors, increase their local concentration in the ECM and provide proper conformation for receptor interaction [20] . Hence, laminin-HSPG and laminin-heparin complexes have potential of being a dual inducer of neurite outgrowth by inducing cells
